Vibrio cholerae cells, infected with the sex factor P, produce discrete, plaquelike clearings when plated on lawns of P-cells. We investigated the nature of these clearings and conclude that they are probably sites of active mating. We developed a quantitative assay for P+ cells and used it to study the kinetics of sex factor spread in broth cultures. Both established and newly infected donor populations were efficient sex factor donors, indicating that P is not self-repressed. We also investigated the kinetics of recombinant formation in broth matings. In 1-hr matings, we routinely found recombination frequencies of 10-6 per donor cell. Kinetic studies of recombinant formation showed that the markers tested all appeared at early times. Thus P, the V. cholerae sex factor, seems to resemble F in its transfer properties.
The conjugal system of Vibrio cholerae was discovered by Bhaskaran in 1958 (1) . In a series of papers, Bhaskaran and co-workers characterized the mating system. An infectious sex factor, called P, confers fertility on its host cells (2) . Polarity and linkage have been demonstrated (4) , and donor ability is stimulated by ultraviolet irradiation (6) . Structures resembling pili have been shown to be associated with P+ cells (5) , and fertility appears to be inhibited by infection with an additional transmissible plasmid (7) . Recent work by Baron, Datta, Parker, and Wohlheiter (manuscript in preparation) indicates that P is a covalently closed, double-stranded deoxyribonucleic acid (DNA) molecule of 86 million daltons. The sex factor DNA is 40% guanine plus cytosine (GC) whereas the chromosomal DNA is 47% GC.
These characteristics of the V. cholerae mating system resemble the well characterized F-mediated conjugal system in Escherichia coli (15) . The V. cholerae sexual system has a unique characteristic, however. When P+ cells are plated on lawns of P-cells, discrete, plaque-like clearings called "lacunae" are produced. It was first suggested that these were bacteriophage plaques (1) , or bacteriocin inhibition zones (3) . Takeya and Shimodori (24) reported that they could find no bacteriophage or particulate bacteriocin associated with several V. cholerae strains which produced these clearings. We showed earlier that both P+ and P-cells produce bacteriophage parts when induced with mitomycin C (20) , but this characteristic does not depend on the sex factor activity of the strains.
We developed a reliable assay for P+ cells, adapted from the procedure of Takeya and Shimodori (24) . Using this assay, we studied the kinetics of the spread of P in broth cultures. We also examined the kinetics of recombinant formation in P-mediated matings. Additionally, we report some experiments concerned with the understanding of the clearing phenomenon.
MATERIALS AND METHODS
Bacterial strains. The V. cholerae strains are listed in Table 1 . The strains were maintain'ed at -60 C in brain heart infusion (BHI, Difco) broth with 12% (v/v) glycerol.
Media. Meat extract agar (MEA) was our routine nutrient agar and consisted of 10.0 g of peptone (Difco), 3 .0 g of beef extract (Difco), 5 .0 g of NaCl, and 15.0 g of agar (Difco) per liter of distilled water, adjusted to pH 7.6 . For use in P factor assays, MEA was poured into glass petri dishes to a depth of about 7 mm, dried overnight at 37 C, and used the PARKER AND ROMIG (str, Pfizer), 100 jgg/ml; spectinomycin (spc, Diamond Labs, Modesto, Calif.), 100 ,g/ml; nalidixic acid (nal, Calbiochem), 50 Ag/ml.
Minimal agar was prepared as described by Clowes and Hayes (10) , and amino acids (Calbiochem) were used at the concentrations specified by them. Antibiotics were used at the same concentrations in minimal agar as in MEA, except that the nalidixic acid content was reduced to 15 ug/ml.
Soft agar (SA) was used for overlays and consisted of 0.6 g of agar per 100 ml of distilled water to which 5 ml of 4x salts solution (10) was added just before use.
Nutrient gelatin agar (NGA) is semisolid at 37 C but sets at room temperature (14) . It was used as the overlay for the P factor assay and consisted of 10.0 g of peptone, 10.0 g of beef extract, 4.0 g of agar, and 80.0 g of gelatin per liter of distilled water, pH 7.2. The overlay was melted by autoclaving before use. NGA was supplemented with antibiotics at the same concentrations as for MEA.
P factor (lacunae) assay. Plates of a suitable moisture content and a very soft overlay are essential for consistent results. The number of P-indicator cells per plate must be around 5 x 10g. Either the number of P+ cells should be small, or some of the P+ cells must be well isolated, as lacunae are only seen when well isolated.
(i) Quantitative lacunae assay. The indicator cells were a P-strain, such as RV31, cultured overnight in BHI broth (10 ml of BHI in a 125-ml Erlenmeyer flask, 37 C, no aeration), and diluted 10-fold with BHI broth just before use. The assay strain was freshly inoculated and grown to log phase on the day of testing. The overlays consisted of 2.5 ml of molten NGA medium, held in a 45 C heating block. Samples of the diluted test culture and 0.1 ml of the diluted indicator culture were added to overlays and immediately mixed and poured onto properly dried MEA plates. After 15 min at room temperature, the plates were incubated, right side up, at 37 C for 6 to 8 hr. After removal from the incubator, the plates were allowed to stand for 6 to 12 hr at room temperature before being read. The plates must be handled carefully, as the overlay is extremely soft.
(ii) Qualitative lacunae assay. This is similar to the quantitative assay, except that the P+ cells were localized on the plate in a different way. The MEA plate was lightly streaked for isolation with the test strain and then overlaid with the indicator cells in NGA medium. (Such a plate is shown in Fig. 3 aThe nomenclature used is that recommended by Demerec et al. (13) . Mutant loci designations are not used.
bIn the case of the sex factor, P, the minus sign indicates absence of the factor and in the case of the other markers, it indicates a requirement for that substance. R and S indicate resistance or sensitivity.
c Abbreviations: Ilv, isoleucine-valine; Arg, arginine; His, histidine; Str, streptomycin; Spc, spectinomycin; Nal, nalidixic acid; Pur, purines; Pyr, pyrimidines; Leu, leucine; Pro, proline; Trp, tryptophan; Met, methionine. (iii) Acquisition of P factor. In these experiments, samples from the mating mixture were diluted 1,000-fold into cold minimal medium con-taining an antibiotic to counterselect the donor. Further dilutions were made in the same medium, and cells were plated on antibiotic plates to select recipient type cells. Colonies which appeared were tested individually for the ability to produce lacunae.
RESULTS
We were never uniformly successful in demonstrating lacunae by the methods of Bhaskaran (1) or of Takeya and Shimodori (24) . We modified the procedure so that it is consistent and reproducible. The dryness of the plates is a critical factor in the success of the test. Using the correct number of indicator cells makes the lacunae more distinct. In quantitative tests, the number of lacunae usually corresponds to 50 to 100% of the viable cell count (see Fig. 1 and 2 ), but all clones isolated from a P+ broth culture and tested for ability to 0. added. Adding a drug to which all cells on the plate were sensitive and using a drug-resistant indicator strain in the second overlay did not prevent the formation of lacunae. However, when the cells on the original lacunae plate were killed with chloroform, no lacunae appeared in the second overlay unless new P+ cells were added.
We also isolated colonies of the indicator type from lacunae. If lacunae were due to a SEX FACTOR OF V. CHOLERAE bacteriophage or a bacteriocin, one would expect some of these cells to be resistant mutants. We found that from 80 to 98% of such colonies were resistant to the formation of lacunae, when used as an indicator. But these clones were all P+ if tested, in that they were positive in the lacunae assay. In these and all other experiments, we have observed an absolute correlation between the capacity of cells to form lacunae and their capacity to serve as genetic donors. The 2 to 20% of the cells which were still able to serve as indicators were all P-when tested for lacunae production. No resistant clones, that is, P-cells which were unable to serve as indicators, were found.
Taken together, the results of these experiments suggest that the lacunae phenomenon is due to mating. Cell contact is required, explaining the dependence of the assay on a very soft overlay. No extracellular product has been detected which will cause lacuna formation in the absence of cell contact. The indicator cells isolated from a lacuna have largely become P+ through mating, but those P-cells remaining are not resistant and can be infected with P if mated. Since all clones are positive when isolated from broth and tested individually, all the cells in the culture are P+. The probable explanation for the fact that lacunae counts are 50 to 100% of the viable count is that not every P+ cell can initiate a mating under the conditions of the plate assay.
We studied the kinetics of transfer of the P factor in broth cultures to determine whether the sex factor spread in an epidemic fashion. Figures 1 and 2 show the results of experiments in which P+ cells were originally added at a donor to recipient ratio of 1:100. Notice that the numbers of P+ cells of the recipient type increase at a faster rate than that expected from cell division and that no lag in their appearance is detectable. Control assays for P+ cells of the recipient type which were assayed without a 5-min incubation for pair formation yielded between 0.1 and 10% as many lacunae as the zero-time sample. This indicates that some plate mating can occur, even in the presence of the drug to which the donor is sensitive. However, the error due to plate mating is small and is overshadowed by the less than 100% mating efficiency of donors under the assay conditions.
We used the information on the kinetics of transfer of P to prepare newly infected donor populations. The data presented in Fig. 1 and 2 indicated that the P factor was probably not repressed. Many R factors and bacteriocins have sex factor activity, but function as efficient donors only when newly transmitted (23) . This property appears to be due to a regulatory system which usually prevents expression of the fertility genes (25) . These systems can be physiologically derepressed by preparing newly infected donor cells, which transfer the sex factor efficiently for several generations. We compared the kinetics of P factor transfer by established and newly infected donors by repeating the kinetic experiments. We could detect no significant differences in the transfer efficiency of established and newly infected donors. The results obtained closely resemble the kinetics shown in Fig. 1 and 2 , with established donors. This result indicates that the P factor is unlikely to be self-repressed.
We also examined the kinetics of appearance of chromosomal recombinants. The appearance of recombinants for five different auxotrophic markers in a single strain is shown in Fig. 4 results indicate that mating is efficient and suggest that 60 to 90 min is sufficient for conjugation. The background of recombinants at zero time may reflect additional mating on the plates, after the bacteria have been separated. Some of the markers used have been mapped by linkage analysis (4, 20) , but no reliable estimate of the distance separating them is available.
We compared established and newly infected donors for ability to transfer chromosomal genes, and, as shown in Table 3 , we found no difference between the two types of donors. In some experiments we tested individual clones of the recipient type, isolated from the mating mixture at various times, for the acquisition of P. The results are shown in Table 4 . Again, established and newly infected donors were equally efficient as donors.
We conclude that the V. cholerae sex factor, P, is not naturally repressed. It appears to initiate chromosome transfer quite efficiently in broth matings. In addition, the lacunae phenomenon appears to reflect active mating sites on plates, and not the production of some extracellular inhibitory substance.
DISCUSSION
The P factor appears to be a transmissible plasmid of a newly recognized class. It is not, apparently, a resistance factor (20) . It is distinguished from transmissible plasmids of Enterobacteriaceae in three features-its Vibrio host cells, its low % GC, and its ability to produce clearings when plated on P-vibrio cells. We propose that these clearings, or lacunae, are mating sites on the assay plates. It seems clear that these zones of inhibition are not due to a diffusable product. Living cells are required as shown by the chloroform killing experiments. But the cells need not grow, as shown by the streptomycin addition. This strongly suggests that donor ability is the property responsible for lacunae formation. The conversion of a majority of recipient cells to donor cells in the area of each lacuna supports this interpretation, as does the failure to find "resistant" mutants. We, and others (7, 24) , have attempted unsuccessfully to isolate an inhibitory product, separate from the cells. If lacunae are really bacteriophage plaques, then the bacteriophage must be cell bound (17) and must also require some cell functions for its transmission (9) .
We used the quantitative assay for lacunae to follow the kinetics of sex factor transfer directly. The assay is sensitive and relatively precise. Since it tests for sex factor activity, rather than some associated phenotypic characteristic, it is a relatively direct method of identifying cells that acquire a transmissible plasmid.
We were unable to detect any differences between established and newly infected donors in transfer of P itself, or in transfer or chromosomal genes. This indicates that P is not repressed, an observation that is in agreement with the recent paper by Bhaskaran and Sinha (7), reporting that infection with an additional vibrio sex factor can lower the mating efficiency of P+ strains. This phenomenon seems analogous to the repression of F fertility after infection of E. coli with certain other sex factors (26) . It seems likely that P follows the rule for sex factors of Enterobacteriaceae-that sex factors are either repressed or repressible.
The conditions we describe for matings were arrived at after trying several methods. The recombination frequencies obtained compare favorably with those obtained in matings on membrane filters (8). Since we routinely find recombination frequencies of greater than 10-6, genetic analysis by linkage studies is Mating performed under standard conditions described in Materials and Methods. Recombinant formation in these crosses is described in Table 3 , experiment 2.
c Spcr, Spectinomycin-resistant phenotype.
feasible. Because the cells are plated directly from complex broth cultures, or dilutions in broth, all overlays contain small amounts of nutrient material. This may allow more efficient recombination in those recipients which receive chromosomal DNA (12) .
The experiment showing kinetics of recombinant formation does not suggest oriented chromosome transfer as found in E. coli Hfr crosses (15) or in Pseudomonas aeruginosa FPmediated crosses (18) . These data do not rule out such transfer, however. We do not know enough about the V. choleme chromosome map to interpret the kinetic data rigorously, but superficially (15) the kinetics of transfer for the five studied markers are similar and resemble the kinetics in E. coli F+-mediated matings. This does not imply that Hfr formation is involved, but does not exclude it as an explanation. Curtiss and Renshaw (11) found that Hfr strains cannot always be isolated from F+ populations of E. coli and suggest that chromosome transfer in F+-mediated matings need not depend on stable Hfr formation.
It seems unlikely that P has extensive homology with the V. cholerae chromosome, since their GC contents are so different. For this reason, it is perhaps naive to expect that P integrates randomly into the chromosome. But the high frequency of transfer of chromosomal markers and the ultraviolet light-stimulated increase in donor ability suggest that P does play some active role in chromosome transfer. It seems likely that P does mobilize the chromosome in some fashion and is not merely providing a conjugation tube.
The characteristics of P, the V. cholerae sex factor, appear to be quite similar to the characteristics of F. From the literature concerning sex factors, bacteriocins, and bacteriophages in V. cholerae (7, 16, 19, 21) , we can assume that the genetic system of these organisms is quite complex. Because of the interest in the exotoxin produced by this organism (22) a study of the genetic system may be of practical, as well as theoretical, value.
